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Interactions of the first and third proteins (P1 and P3) of the potato A potyvirus (PVA) with the other six main proteins of
PVA were studied using Escherichia coli-expressed recombinant proteins in two in vitro interaction assays and a genetic
assay yeast two-hybrid system (YTHS). In overlay blotting and binding assays in liquid, P1 and P3 interacted with each other
and with proteins of the putative replication complex of potyvirus: RNA-helicase (CI), viral protein genome-linked (VPg), NIa
proteinase part (NIaPro), and RNA-dependent-RNA-polymerase (NIb). In addition, P1 self-interaction and interaction with
helper-component proteinase (HC-Pro) also were detected. Neither P1 nor P3 interact with coat protein (CP) or with various
control proteins. In the YTHS, P1 interacted only with CI and P3 with NIb. The different results obtained using the two test
systems may reflect changes in interactions at different stages of potyvirus infection: in the virus genome replication and the
virion accumulation stages when nonstructural proteins form inclusions. Our data are consistent with previous functional
data, indicating that P1 and P3 proteins are involved in potyvirus genome amplification and provide the first direct evidence
that these proteins interact with the proteins that have been shown to be part of the replication complex. © 1999 Academic Press
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Potato A potyvirus (PVA) is a member of the family
otyviridae and has a positive-sense single-stranded
NA genome of 9565 nucleotides, with VPg on the 59 end
nd poly(A) track at the 39 end (Puurand et al., 1994). The
otyvirus genome encodes 10 proteins (Riechman et al.,
992), of which three (CI, NIb, and NIa) make up the core
eplicase (Ferna´ndez et al., 1995; Hong and Hunt, 1996;
chaad et al., 1996, 1997) and three others (P1, HC-Pro,
nd P3) may contribute to genome replication as acces-
ory factors (Klein et al., 1994; Verchot and Carrington,
995; Kasschau et al., 1997).
Several interactions between potyviral proteins have
een studied using different assays in vivo and in vitro.
Pg, NIb, and CP of TVMV have been found to interact
ith each other, and self-interactions also have been
hown (Hong et al., 1995; Fellers et al., 1998). An inter-
ction between NIaPro and NIb of tobacco etch potyvirus
TEV) also was found in yeast (Li et al., 1997). These data
ndicate that interactions between replication complex
roteins of different potyviruses might be different as
evealed by the yeast two-hybrid system (YTHS) because
ifferent domains of NIa of TVMV and TEV were found to
nteract with NIb. It has been found that several interac-
1 To whom reprint requests should be addressed at Institute of
iotechnology, Viikki Biocenter, University of Helsinki, P.O. Box 56,
IN-00014, Helsinki, Finland. Fax: 1358 9 70859366. E-mail:terits@operoni.helsinki.fi.
15ions detectable by one method are not detected by other
ethods. An interaction between HC-Pro and CP or
irions was demonstrated by in vitro assays (Blanc et al.,
997; Peng et al., 1998), whereas no interaction between
C-Pro and CP was detected by YTHS (Guo et al., 1999).
The P1 and P3 proteins are less conserved among
otyvirus proteins (Shukla et al., 1991). Relatively little is
nown about the roles of P1 and P3 in the virus life cycle.
1 and P3 proteins were colocalized with cytoplasmic
nclusion bodies in infected cells (Rodrı´guez-Cerezo et
l., 1993, 1997; Arbatova et al., 1998), indicating their
ossible interactions with CI. P1 binds RNA in a se-
uence-independent manner (Brantley and Hunt, 1993;
oumounou and Laliberte, 1994; Merits et al., 1998) and
ay function as a trans-active accessory factor during
iral genome amplification (Verchot and Carrington,
995). P3 has been detected in the membrane fraction
rom infected tissue extracts and a possible membrane-
ssociated domain was predicted on the basis of its
mino acid sequence (Rodrı´guez-Cerezo and Shaw,
991). Insertion mutations in the P3 protein gene have
een found to prevent replication (Klein et al., 1994).
We have previously studied RNA binding properties of
VA-encoded proteins (Merits et al., 1998) and HC-Pro
nd CP interactions (Guo et al., 1999) using in vitro
inding assays and YTHS. Here, we report interactions
f PVA-encoded P1 and P3 proteins with proteins that
ake up a putative replication complex as revealed byhree different assays.
0042-6822/99 $30.00
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16 MERITS ET AL.RESULTS
iquid and resin binding assays
To obtain reliable data for protein–protein interac-
ions of PVA-encoded proteins, different methods were
sed. For the approach based on in vitro assays,
ecombinant proteins from E. coli were used. They
ere expressed as 6xHis and MBP fusion proteins,
ncluding control proteins (6xHis DHFR and MBP),
urified to near homogeneity (Fig. 1) and refolded as
escribed previously (Merits et al., 1998). When the
xHis recombinant proteins were subjected to liquid
ssays, very little if any 6xHis tagged proteins were
etected after elution of the columns with buffer solu-
ions containing 500 mM NaCl and 10 mM b-mercap-
oethanol (data not shown), whereas they eluted (to-
ether with MBP-fusion proteins) with 10 mM maltose
n elution buffer, which suggested that the binding of
he analyzed proteins was rather specific and disulfide
ridges were not essentially involved. Of eight PVA
roteins, only CP attached itself to the control MBP
olumn. Thus the interactions of MBP-P1 and MBP-P3
ith CP were considered unspecific (Fig. 2). MBP-P1
nd MBP-P3 specifically bound P1, HC-Pro, CI, VPg,
IaPro, and NIb. MBP-P1 bound P3, whereas MBP-P3
id not bind P3 (Fig. 2). The approximate binding
fficiencies, estimated as a percentage of bound
xHis fusion protein compared with total amount of
xHis fusion protein used in the experiment (quantified
rom bands on the Western blots), typically varied from
.5% (for 6xHis HC-Pro, P3, and CI) to 10% (for VPg,
IaPro, and NIb).
To find out the reason for the differences in binding
fficiencies observed for different proteins, a series of
xperiments was performed where constant amounts of
FIG. 1. PVA and control proteins, expressed in E. coli, purified by
ffinity chromatography and analyzed by 12% SDS–PAGE. All proteins,
xcept maltose binding protein (MBP), MBP-P1, and MBP-P3 are 6xHis
usions. DHFR, dihydrofolate reductase 6xHis fusion. Bio-Rad kaleido-
cope molecular mass standards (S) were used, and their molecular
ass in kDa is indicated on the left. The gel was stained with Coo-
assie Blue.BP-P1 and MBP-P3 proteins were incubated with in- preasing amounts (100 pmol, 500 pmol, 2 nmol) of 6xHis
1, HC-Pro, P3, CI, and NIb fusion proteins. The results
btained for 6xHis CI in this assay (Fig. 3a) were typical
or all tested proteins. An increase in the amount of
ound protein, but no increase in the relative binding
fficiency was observed in all cases, whereas the
mounts of 6xHis proteins increased. In another exper-
ment, a constant amount (100 pmol) of 6xHis-fusion
roteins was bound to increasing amounts of MBP-P1
nd MBP-P3 proteins (100 pmol, 500 pmol, 2 nmol). In
his experiment, the amounts of bound protein were not
ncreased; the results obtained for all 6xHis fusion pro-
eins were similar to those obtained for 6xHis CI, shown
n Fig. 3b. These data allow us to conclude that the
ifferent binding efficiencies observed in the liquid bind-
ng experiment could be a result of improper and/or
ncomplete refolding of the 6xHis fusion proteins. There-
ore no binding constants and/or stoichiometry were
stimated.
FIG. 2. Results of the liquid binding assay. Three types of proteins
MBP-P1, MBP-P3, and MBP) were bound to amylose columns (lines
BP-P1, MBP-P3, and MBP). 6xHis fusion PVA proteins (shown on
ertical lines) were loaded to the MBP-P1, MBP-P3, and control MBP
olumns. Bound proteins were eluted with 10 mM maltose buffer (see
aterials and Methods). Because of the different binding efficiencies
bserved for 6xHis fusion proteins, different amounts of the MBP-P1,
BP-P3, and MBP bound proteins were loaded to 12% SDS–PAGE: 1%
VPg and NIaPro), 2.5% (Nib), 10% (CP), or 25% (P1, HC-Pro, P3, and CI).
roteins were detected by the ECL procedure. Regions of the blots
orresponding to the expected size of each protein analyzed are
resented. The control lane represents 1 pmol (1%) of each 6xHis fused
rotein loaded to the column.
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17POTATO A POTYVIRUS P1 AND P3 INTERACTING PROTEINSigand blotting (overlay blots)
We have previously demonstrated that prolonged in-
ubation of membrane blots of PVA proteins allows sig-
ificant protein refolding, which is sufficient at least for
NA binding (Merits et al., 1998). Therefore to confirm the
esults obtained from the liquid binding experiments an
lternative approach, ligand blotting, was used. 125I-la-
eled MBP, MBP-P1, and MBP-P3 proteins were used as
robes instead of using the immunodetection of bound
rotein to avoid the proteins cross-reacting with them-
elves (6xHis P1, 6xHis P3, and MBP). The same ionic
onditions as in the liquid assay were used to make the
esults comparable. The use of MBP-expressing E. coli
xtracts in large excess as compared with labeled pro-
ein allowed us to eliminate the possibility that labeled
rotein was bound via the MBP part of the fusion protein.
ndeed, no binding was observed when labeled MBP
as used as a probe in these experiments (not shown).
n another control experiment, an excess of MBP-P1 or
BP-P3 protein-expressing E. coli extracts added to the
inding mix blocked or significantly decreased the bind-
ng of labeled proteins (not shown), which demonstrated
hat binding was specific to the P1 and P3 part of the
usion protein. The MBP-P1 probe recognized P1, HC-
ro, P3, CI, VPg, NIaPro, and NIb (Fig. 4a), whereas
BP-P3 recognized P1, CI, VPg, NIaPro, and NIb proteins
Fig. 4b). Neither MBP-P1 nor MBP-P3 bound to any
ontrols (DHFR, MBP) or to 6xHis CP, indicating that the
inding to CP observed in liquid assays was indeed via
he MBP part of the fusion protein. Thus the results from
he ligand blot were in good agreement with those ob-
FIG. 3. Effects of the protein concentration to the binding of 6xHis C
inding on the concentration of the 6xHis CI protein. MBP-P1 or MBP-P
nd 2 nmol) was loaded to each column. Proteins were eluted with 10
o 12% SDS–PAGE and Western blotted. Proteins were detected using p
olecular mass standards were used, and their molecular masses
oncentration of MBP-P1 and MBP-P3 proteins. MBP-P1 or MBP-P3 (100
as load to each column. Proteins were eluted and detected as abovained from the liquid binding assays, except that no dinding of MBP-P3 to HC-Pro was detected using ligand
lotting.
he yeast two-hybrid system
Interactions between the P1 and P3 proteins with
ther PVA-encoded proteins also were tested using
THS. The expression of fusion proteins in yeast cells
as shown by Western blot analysis using a monoclonal
ntibody against the LexA protein (Fig. 5). When the
ull-length NIa was expressed in yeast cells, part of NIa
rotein underwent self-cleavage, resulting in VPg (fused
ith the LexA protein) and the NIaPro (proteinase part)
Fig. 5).
The b-galactosidase activity present in transformants
as used as an indicator of interactions between fusion
rotein partners. The combinations of fusion plasmids,
ne bearing PVA P1 or P3 and the other carrying another
VA gene were cotransformed into yeast cells. Previ-
usly defined interactions of potyviral CP–CP, HCPro–
CPro, and NIb–NIa were used as positive controls, and
hey indicated that the YTHS worked properly. In filter lift
ssays for b-galactosidase activity, transformants carry-
ng P1 and CI or P3 and NIb showed b-galactosidase
ctivity as indicated by the appearance of blue colonies
Table 1). The colonies turned blue only after staining for
h, indicating a very weak interaction between the
roteins. Other combinations of P1 and P3 did not show
-galactosidase activity, as indicated by the appearance
f white colonies (Table 1). P1, P3, CI, and NIb alone or
ogether with empty plasmid did not induce b-galactosi-
MBP-P1 and MBP-P3 in liquid binding assay. (a) Dependence of the
mol each) was bound to amylose resin. 6xHis CI (100 pmol, 500 pmol,
altose buffer. Twenty-five percent of the eluted protein was subjected
al antibodies against CI by the ECL procedure. New England Biolabs
a are indicated on the left. (b) Dependence of the binding on the
00 pmol, and 2 nmol) was bound to amylose resin. 6xHis CI (100 pmol)
ibed.I to the
3 (100 p
mM m
olyclon
in kD
pmol, 5ase activity, suggesting that weak but detectable inter-
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18 MERITS ET AL.ctions between P1 and CI and between P3 and NIb
xist.
DISCUSSION
Compared with most other positive-strand RNA vi-
uses that infect plants, potyviruses have an unusually
arge number of proteins that participate in their genome
eplication. At least five potyvirus-encoded proteins, P3,
I, 6K2, NIa, and NIb (perhaps also their nonprocessed
recursors), are believed to participate in replication
Klein et al., 1994). Interactions between these viral pro-
eins, the RNA genome, the plant-encoded proteins and
lant cell structures are probably complicated and cru-
ial for potyvirus replication.
Interactions between PVA P1 and P3 and other pro-
eins were studied using two in vitro binding assays and
FIG. 4. Autoradiography of the ligand blots of purified PVA recombi-
ant proteins and control proteins probed with 125I-radiolabeled pro-
eins in solution containing on 500 mM NaCl and unlabeled maltose
inding protein (MBP). Positions of binding PVA proteins are marked
ith arrows on the figure. Bio-Rad kaleidoscope molecular mass stan-
ards were used, and their molecular masses in kDa are indicated on
he left. (a) Binding of blotted recombinant PVA proteins to 125I-labeled
BP-P1 protein. (b) Binding of blotted recombinant PVA proteins to
25I-labeled MBP-P3 protein.he YTHS. The three methods used in this study did not 6ive identical results for the protein–protein interactions
nvolving P1 and P3 proteins of PVA (Table 2). Many
nteractions were found with P1 and P3 using the in vitro
ssays, whereas the YTHS only detected some weak
nteractions between P1 and CI and P3 and NIb. The
esults obtained in this work do not allow us to make
onclusions on which method provides data more rele-
ant to the real situation in potyvirus infection. Several
xplanations could be provided for the limited number of
FIG. 5. Western blot analysis of the expression of PVA proteins in
east cells. The PVA genes were cloned in pLexA vector and total
rotein prepared from yeast cells (2 OD600 units) was separated by
DS–PAGE (12%). A monoclonal antibody against LexA was used to
etect the fusion proteins (marked with arrows). The molecular masses
n kDa are indicated on the left. The calculated molecular mass of the
exA fusion part is 26.7 kDa.
TABLE 1
The Interactions between the PVA P1 and P3
and Other PVA Proteins
PVA gene in
b-gal filter assayapLexA pVP16
P1 P1 2
P3 P3 2
P1 CI 1
Empty CI 2
P1 Empty 2
P1 VPg 2
P1 NIaPro 2
P1 NIb 2
P3 CI 2
P3 VPg 2
P3 NIaPro 2
P3 NIb 1
Empty NIb 2
P3 Empty 2
HC-Pro HC-Pro 111
CP CP 11
NIa NIb 1
NIb NIa 11
a Qualitative estimate of the interaction. 111, colonies turned blue
n , 2 h; 11, colonies turned blue in 2–6 h; 1, colonies turned blue in
–12 h; 2, colonies did not turn blue in 12 h.
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19POTATO A POTYVIRUS P1 AND P3 INTERACTING PROTEINSnteractions observed in YTHS: (i) a low efficiency of
xpression or quick turnover of P1, P3, CI, NIa, and NIb
usion proteins in yeast cells, as revealed by Western
lot analysis (Fig. 5); (ii) incorrect posttranslational mod-
fication and unfavorable folding of the proteins in the
east nucleus; and (iii) masking of DNA binding and
ranscription activation domains in the fusion proteins
roduced in YTHS. It is reasonable to assume that at
east some PVA-encoded proteins, in addition to CI and
Ib, must interact with P1 and P3. Therefore this study
uggested that there might be limitations on how reliably
ertain potyviral protein–protein interactions can be de-
ected using YTHS.
On the other hand, there are several reasons why one
hould be careful when it comes to interpreting the
esults obtained from the in vitro assays: (a) all proteins
sed in those assays were expressed in bacterial cells
nd therefore lack most posttranslational modifications
phosphorylation, glycosylation) that may happen in plant
ells; (b) all 6xHis fusion proteins were purified under
enaturing conditions and then refolded. As a result,
hose proteins may be largely denatured and/or incor-
ectly folded as was suggested from the results of liquid
inding assay (see above, Fig. 3); (c) MBP-P1 and
BP-P3 were purified and maintained under native con-
itions but there is the possibility that recombinant parts
f those fusion proteins may be incorrectly folded in E.
oli; and (d) labeled MBP-P1 and MBP-P3 used in ligand
lots were iodinated in the presence of chloramine T, a
trong denaturing agent. In addition, even though we
TABLE 2
Summary of the Interactions between Potyvirus Proteins Detected
in this Work and in Other Studies
nteraction Reported Liquid assay Ligand blot YTHS
1-P1 n.r. 1 1 2
1-HC-Pro n.r. 1 1 2
1-P3 n.r. 1 1 2
1-CI c.l.a 1 1 1
1-VPg n.r. 1 1 2
1-NIaPro n.r. 1 1 2
1-NIb n.r. 1 1 2
1-CP n.r. 2 2 2
3-P1 n.r. 1 1 2
3-HC-Pro n.r. 1 2 2
3-P3 n.r. 2 2 2
3-CI c.l.b 1 1 2
3-VPg n.r. 1 1 2
3-NIaPro n.r. 1 1 2
3-NIb n.r. 1 1 1
3-CP n.r. 2 2 2
Note. YTHS, yeast two hybrid system; n.r., not reported; c.l., co-
ocalization reported in indicated publication.
a From Arbatova et al., 1998.
b From Rodrı´guez-Cerezo et al., 1997.sed numerous controls (Fig. 4) in all in vitro assays we iannot completely rule out the possibility that some of
etected interactions represent artifacts due to the non-
hysiological conditions in those assays.
It is likely that the protein–protein interactions are
ynamically changing during the potyvirus infection cy-
le in plants. Because of their genome organization,
otyviruses lack regulation of the synthesis of individual
roteins, which leads to the synthesis of a large excess
f all the nonstructural proteins during the late stages of
nfection while the virions are assembled. It has been
eported that the structures formed by CI protein in the
ells differ at different stages of infection (Roberts et al.,
998). It is possible that the different methods used in
his study may mimic the situations at different stages of
nteractions. YTHS may reflect the interactions at the
nitial stages of infection, when the interactions are oc-
urring between correctly folded and enzymatically ac-
ive proteins. On the other hand, the in vitro interactions
eported here may involve largely denatured proteins
nd could conceivably be representative of processes
nvolving aggregates inside the cell. As such, they would
e less specific and thus suggestive of the natural ten-
ency of potyviral proteins to aggregate. It is noteworthy
hat the interactions between CP and P1 or P3 were not
etected using in vitro assays. This might reflect the true
ituation at the late stage of potyvirus infection while the
onstructural proteins are forming numerous inclusions
nd aggregates, whereas CP is rapidly used for virus
article formation.
In this study, we showed that P1 and P3 interact in vitro
ith proteins that are involved in the putative replication
omplex of PVA: CI, VPg, NIaPro, and NIb; two of the
nteractions, P1 with CI and P3 with NIb, also were
onfirmed by YTHS (Tables 1 and 2). This finding is in
ood agreement with previous data about colocalization
1 and P3 with cytoplasmic inclusions (CI) in infected
ells (Rodrı´guez-Cerezo et al., 1993, 1997; Arbatova et al.,
998) and co-existence of P3 with the active potyvirus
eplication complex in the membrane fractions (Martin et
l., 1995).
It is logical to expect that because of the interactions
f P1 and P3 proteins with putative replication complex
f the potyvirus, mutations in P1 and P3 genes must have
ome effect on potyvirus replication. Indeed, it has been
eported that deletion of P1 strongly decreases the rep-
ication of TEV (Verchot and Carrington, 1995). We found
hat a similar deletion in PVA is lethal (Merits, unpub-
ished data). Also the fact that all insertion mutations in
he TVMV P3 gene, described by Klein et al. (1994), were
ethal is in line with the proposed role of P3 as part of
eplication complex of the potyvirus.
Several interactions for three of the potyvirus N-termi-
ally encoded proteins were found using in vitro assays.
ne of the possible reasons for interactions between P1
nd HC-Pro and HC-Pro and P3 might be that thesenteractions are associated with events that help the
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20 MERITS ET AL.roteinase domains of P1 and HC-Pro to recognize their
leavage sites. Both the self-interaction of P1 and the
nteraction between P1 and P3 described above also
ight contribute to the proposed role of those proteins in
nteractions with the replication complex of potyvirus.
Our findings on the interactions of P1 and P3 proteins
f PVA revealed that the interactions between the poty-
irus-encoded proteins (and possibly also host proteins
nd structures) are complicated and that reliable conclu-
ions cannot be made based on the results from a single
ssay. Different approaches including studies of interac-
ions in infected plant cells will be needed to get a more
omplete understanding of the interactions that allow the
irus to perform its biological functions.
MATERIALS AND METHODS
ecombinant protein expression and purification
The PVA genomic regions, encoding the processed
roteins P1, HC-Pro, P3, CI, VPg, NIaPro, NIb, and CP,
ere PCR-amplified, cloned, and used for 6xHis-tagged
ecombinant protein expression and purification as pre-
iously described (Merits et al., 1998). To obtain maltose-
inding protein (MBP) fusion proteins, P1 and P3 genes
ere cloned into BamHI /SalI linearized vector pMal-cR1
New England Biolabs) and were transformed into E. coli
xpression strain BL21 (DE3) (Novagen). The control
onstruct was an empty expression vector that leads to
ynthesis of MBP fused with a-fragment of b-galactosi-
ase. This product was designated MBP and used as the
ontrol and competitor in in vitro assays. Expression of
he MBP-fusion proteins was carried out as follows: 200
l 2xYT media was inoculated with a single colony and
ncubated at 37°C and 220 rpm until the OD600 was 0.5.
hen culture was transferred to 20°C, 220 rpm, incu-
ated for 30 min, and induced with 0.3 mM of IPTG. Cells
ere collected 2 h after induction, suspended in column
uffer [50 mM Na-phosphate (pH 7.0), 500 mM NaCl, 10
M b-mercaptoethanol, 1.0 mM PMSF] using 10 ml of
uffer per 1 g of cells and broken by three cycles at
0,000 psi with a French press. Lysates were clarified by
entrifugation for 20 min at 20,000 g and used for protein
urification and competition tests in ligand blots. MPB,
PB-P1, and MBP-P3 were purified on an amylose resin
olumn (New England Biolabs) almost to homogeneity
ccording to the manufacturer’s protocol. Before use,
BP, MBP-P1, and MBP-P3 were dialyzed against sev-
ral changes of distillated water to eliminate salts and
altose. The proteins were stable in a water solution at
oom temperature for periods .24 h. Preparations were
entrifuged in a tabletop centrifuge at its top speed for 10
in to eliminate possible protein precipitates and the
oncentrations were estimated using Bradford’s reagent
Bio-Rad) before use. (roduction and purification of rabbit polyclonal
ntisera
Rabbit polyclonal antisera were produced against all
ight expressed 6xHis fusion proteins using denatured
rotein solution (in 4 M urea) for immunization. The
pecificity of the antiserum was tested on the recombi-
ant protein and proteins extracted from infected plant
aterial (data not shown). IgG fractions were purified on
Hi-Trap Protein A Sepharose column (Pharmacia) ac-
ording to the manufacturer’s instructions.
he in vitro binding test in liquid
In the liquid binding assays, 100 pmol MPB-P1, MBP-
3, or MBP was mixed with 100 pmol 6xHis fusion pro-
ein in 2 ml amylose resin buffer (ARB) containing 50 mM
a-phosphate (pH 7.0), 166 mM NaCl, 1.0 mM PMSF, and
.5% BSA and was incubated for 2 h at room temperature
ith gentle rocking. Proteins were loaded onto an equil-
brated amylose resin column (0.2 ml resin) at a flow rate
f 0.1 ml/min. The resin was subsequently washed with
0 ml ARB; 5 ml buffer containing 50 mM Na-phosphate
pH 7.0), 500 mM NaCl and 1.0 mM PMSF; and 5 ml buffer
ontaining 50 mM Na-phosphate (pH 7.0), 500 mM NaCl,
0 mM b-mercaptoethanol and 1.0 mM PMSF and finally
luted with 1 ml of the last mentioned buffer, containing
0 mM maltose. In some cases, samples were concen-
rated with cold acetone precipitation and analyzed on
DS–PAGE and by Western blotting using specific poly-
lonal antibodies or the monoclonal antibody against
GS(H)3 epitope (Qiagen) to detect the binding of 6xHis-
1 and 6xHis-P3 to their MBP fusions. The blots were
eveloped by enhanced chemiluminesence (ECL, Amer-
ham).
adiolabelling MBP, MBP-P1, and MBP-P3 proteins
Ten picomoles recombinant purified protein in 48 ml of
00 mM Na-phosphate (pH 7.5) was mixed with 200 mCi
125INa (Amersham) and 15 ml chloramine T (2 mg/ml, in 50
M Na-phosphate buffer, pH 7.5, dissolved ex tempore)
nd incubated for 20 s at room temperature; 50 ml
a2S2O5 solution (2.4 mg/ml in 50 mM Na-phosphate
uffer, pH 7.5, dissolved ex tempore) was added, fol-
owed by incubation for 30 s at room temperature. Finally,
5 ml 100 mM NaI and 50 ml 1% BSA in 13 PBS solution
ere added to each reaction and the labeled protein was
urified on a Sepharose G-50 column, using 1% BSA in
3 PBS solution as buffer. The fractions were collected
nd tested using a gamma counter, and the active frac-
ions were combined and stored on ice till needed.
igand (overlay) assay blot
Twenty picomoles of purified 6xHis fusion proteins
nd controls [6xHis fusion with dihydrofolate reductaseDHFR), MBP, BSA] was subjected to 12% SDS–PAGE and
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21POTATO A POTYVIRUS P1 AND P3 INTERACTING PROTEINSlotted onto Immobilon P filter (Millipore). The filters
ere blocked for 1 h at room temperature with 5% nonfat
ilk in incubation buffer (IB) (13 PBS buffer, 1 mM CaCl2,
nd 0.5 mM MgCl2), washed three times for 10 min with
B at room temperature, and finally incubated for 18 h at
°C in IB. After that, the filters were incubated with 108
pm (ca 1 pmol) labeled protein in 50 ml IB containing
00 mM NaCl, 1% BSA, and 1 ml of crude extract pre-
ared from MBP-expressing E. coli cells (filtered through
0.45-mm filter before use) as a competitor on a shaker
or 2 h at room temperature and washed four times for 30
in with IB containing 500 mM NaCl. The filters were
ried and exposed to X-ray film for 48–240 h.
east two-hybrid system
The yeast two-hybrid system was carried out essen-
ially as described by Vojtek et al. (1993) and Hollenberg
t al. (1995). The genes of the PVA isolate B11 (Puurand
t al., 1994) were amplified by the polymerase chain
eaction (PCR) and cloned into the two-hybrid vectors
LexA and pVP16 (Hollenberg et al., 1995). pLexA en-
odes the DNA-binding protein LexA and contains a
election marker for tryptophan auxotrophy, whereas
VP16 encodes transcription activation domains and
ontains a selection marker for leucine auxotrophy. All
he constructs derived from PCR were verified by se-
uencing.
The yeast strain L40 [MATa his3D200 trp1-901 leu
-3112 ade2 lys2-801AMURA3<(lexAop)8-lacZ] was used
or hybrid protein expression. Yeast transformation was
erformed by the lithium acetate method (Schiestl and
ietz, 1989). Transformants were selected by plating on
inimal media lacking leucine and tryptophan. Expres-
ion of fusion proteins in yeast cells was analyzed by
estern blot as described previously (Guo et al., 1999).
he expression of b-galactosidase reporter gene was
valuated by freezing colony filter lifts in liquid nitrogen
nd subsequently staining with X-Gal in Z buffer (60 mM
a2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4,
H 7.0, 50 mM b-mercaptoethanol, and 0.3 mg/ml X-Gal).
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